Context: Subclinical hypothyroidism (SCH) is an important public health problem worldwide for its increasing prevalence and potential deleterious effects, whereas its etiology has not been fully elucidated. Lipotoxicity exerts extensive and serious impact on human health, but so far, the potential effect of lipotoxicity on thyroid is unclear.
9.0% in the United States in 1995 and 19.3% in India in 2012) (1, 4 -6) . In China, just like the emergence of diabetes mellitus in recent years, SCH increased significantly along with the change of lifestyle and dietary constituents (7) . Notably, although not consistently (8) , SCH has been regarded as an independent cardiovascular risk factor in a large number of studies (2, 3) . In a meta-analysis of individual participant data from 11 prospective cohort studies, the risk and mortality of coronary heart disease both increased with higher TSH (3) . As stated in Lancet, "The world faces a burden of thyroid disease that has reached epidemic proportions" (9) . Therefore, it is considerably necessary to further investigate the etiology of SCH, which has not been fully elucidated.
Several risk factors, ie, autoimmunity, abnormal iodine intake, and inflammation, have been associated with SCH (1) . However, the presence of SCH could not be fully explained by the above-stated reasons in the following interesting phenomenon. Jankovic et al (10) observed that obese subjects with hypertriglyceridemia exhibited the increased serum TSH concentrations; interestingly, the TSH levels significantly decreased after the serum triglyceride levels decreased after bariatric surgery. Similarly, the decreased serum T 3 and T 4 concentrations, representing the impaired thyroid function, were also observed in animals fed a high-fat diet (11) . These lines of evidence suggested that the presence of SCH might be associated with hypertriglyceridemia. High circulating triglyceride levels lead to the increased importation of fatty acids into nonadipose tissues, contributing to ectopic intracellular lipid accumulation, also known as lipotoxicity (12) . Lipotoxicity attracts great attention worldwide for its serious and extensive impact on human health (12) . Apart from its important role in the pathogenesis of metabolic diseases (such as type 2 diabetes mellitus, obesity, and nonalcoholic fatty liver disease) (12, 13) , the effect of lipotoxicity in other diseases, such as heart failure, chronic kidney disease, and endothelial cell dysfunction has also drawn intensive interest (14 -16) . However, so far, no research has explored whether thyroid is another organ affected by lipotoxicity.
In the present study, we performed a population-based case-control study to assess the association between serum triglyceride levels and risk for SCH in a large Chinese population. Our findings suggested that hypertriglyceridemia was positively associated with the risk for SCH. It reminds us to recognize the widespread deleterious effects of hypertriglyceridemia in the entire body.
Materials and Methods

Study participants
The present population-based case-control study was part of the community-based Risk Evaluation of Cancers In Chinese Diabetic Individuals: A Longitudinal study aiming to investigate the epidemiology of metabolic diseases that was conducted across China from April 1, 2011, through May 30, 2012 (17) . We selected three communities from the east, west, and south of China in this study. The communities have similar and stable iodine nutrition status (18 -20) and both rural and urban areas with different degrees of urbanization and economic development.
To facilitate the residents to participate the screening examination, each community was divided into 8 -12 units, and one hospital or local health clinic was designated as the recruitment site in each unit. All of the registered Chinese residents aged 40 years and older who had lived in their current residence for at least 5 years were invited by telephone or door-to-door visits to undergo the screening examination at the recruitment site, with a response rate of greater than 85% for each community. A total of 24 100 participants provided an overnight fasting blood sample and were asked to complete a self-reported questionnaire. Each participant without a history of diabetes was screened for diabetes using the oral glucose tolerance test. The study was approved by the Ethics Committee of Shanghai Jiao Tong University (17) , and written informed consent was obtained from each participant before collecting data.
We excluded subjects based on the following criteria: 1) missing vital data, such as age, gender, body mass index (BMI), or thyroid function analysis; 2) diagnosed thyroid tumor, history of thyroidectomy, antithyroid medication, or radioiodine therapy; 3) complications or conditions that affect thyroid status and lipid metabolism, such as pregnancy, lactation, malignant tumors, or severe hepatic [alanine aminotransferase (ALT) and/or aspartate aminotransferase (AST) levels above 100 U/L] or renal (creatinine higher than 105 mol/L and evaluated glomerular filtration rate below 60 mL/min per 1.73 m 2 as calculated using the simplified Modification of Diet in Renal Disease equation) dysfunction; and 4) taking any medicine that affects the thyroid or lipid metabolism, including statins, fibrates, thyroid hormone, antithyroid drugs, amiodarone, alemtuzumab, lithium, tyrosine kinase inhibitors, interferon, estrogens, androgens, glucocorticoids, nonsteroidal antiinflammatory drugs, antiepileptic drugs, rifampicin, furosemide, heparin or ␤-adrenoceptor blockers in the past 3 months (21). A total of 22 368 subjects were initially selected after exclusion; the excluded subjects were not significantly different from the total study population in terms of age and gender.
From the eligible subjects, 5033 cases were defined as those participants with diagnoses of SCH (as defined in Study outcome definition). Because SCH represented early, mild thyroid failure (1, 22) , 188 subjects with overt hypothyroidism were further excluded. Finally, controls were matched one to one with the cases by age, gender and region from 17 147 subjects without either SCH or overt hypothyroidism. The selection process is illustrated in Supplemental Figure 1 .
Data collection
All investigators successfully completed a training program. Training sessions were standardized and scripted for all testing sites to minimize instructor variability. Weight and height were measured in kilograms and centimeters, respectively, and BMI was calculated by dividing weight (kilograms) by the square of the height (square meters). Waist circumference was measured in centimeters. Blood pressure was measured three times for each individual with an electronic sphygmomanometer (HEM-7117; Omron). There was a 3-minute interval between each measurement for each participant, and the mean value of the three measurements was calculated. The methods for determining weight, height, waist circumference, and blood pressure (BP) were similar to those used in the national survey of the prevalence of diabetes in 2007 (23) . Trained investigators obtained information on gender, age, and other essential data from the standard questionnaire (24) .
Blood samples were collected from all participants between 8:00 AM and 10:00 AM after a minimum 10-hour fasting. The blood glucose levels were measured within 2 hours. In addition, serum and plasma samples were separated and shipped on dry ice. Chemiluminescent methods (Cobas E601; Roche) were used to quantitate thyroid function based on free T 3 (FT 3 ), FT 4 , and TSH levels. The serum lipid profile and hepatic and renal functions were determined using the ARCHITECT ci16200 Integrated System (Abbott) at the central laboratory in the Shanghai Institute of Endocrine and Metabolic Diseases. The intraassay and interassay coefficients of variation were always below 5% for all of the above parameters.
Study outcome definition
The laboratory reference ranges were 3.1-6.8 pmol/L (2.01-4.42 pg/mL) for FT 3 , 12-22 pmol/L (0.94 -1.72 ng/dL) for FT 4 , and 0.27-4.2 mIU/L for TSH. SCH was defined as a combination of high TSH and normal FT 4 (1). Hypertriglyceridemia was defined as triglycerides of 1.70 mmol/L or greater (150 mg/dL) according to the National Cholesterol Education Program Adult Treatment Panel III criteria (25) .
Hypertension was defined as BP of 130 mm Hg or greater/85 mm Hg or greater (25) . Metabolic syndrome was diagnosed when three or more of the following risk determinants were present: 1) abdominal obesity: waist circumference greater than 102 cm for men and greater than 88 cm for women; 2) triglycerides of 1.70 mmol/L or greater (150 mg/dL); 3) high-density lipoprotein cholesterol (HDL-C) less than 1.04 mmol/L (40 mg/ dL) for men or less than 1.30 mmol.L (50 mg/dL) for women; 4) BP of 130 mm Hg or greater/85 mm Hg or greater; and 5) fasting glucose of 6.1 mmol/L or greater (110 mg/dL) (25) . Diabetes mellitus was diagnosed by the following: 1) a self-reported previous diagnosis by health care professionals, 2) fasting plasma glucose of 7.0 mmol/L or greater (126 mg/dL), 3) a 2-hour plasma glucose in an oral glucose tolerance test of 11.1 mmol/L or greater (200 mg/dL), or 4) hemoglobin A1c of 6.5% or greater (7).
Statistical analysis
Statistical tests were performed using SPSS version 18.0 for Windows (SPSS Inc). Regarding the significant gender difference in SCH prevalence, we analyzed the association between hypertriglyceridemia and SCH among men and women, respectively.
The data are presented as mean Ϯ SD, median (interquartile range), or number (percentage). Differences between the cases and controls were compared via the Student's t test, the MannWhitney U test, or the 2 test. The conditional logistic regression was used to estimate the risk for SCH. The subjects were divided into four categories based on quartiles of serum triglyceride levels. Linear trends for the proportion of SCH based on serum triglyceride levels were tested using a linear-by-linear association 2 test. We generated a linear model to further explore the relationship between triglycerides and log-transformed TSH, FT 4 , and FT 3 . Previous studies have demonstrated that BMI, waist circumference, presence of diabetes, hypertension, and metabolic syndrome were associated with the presence of SCH (1, 26, 27) . Factors that were statistically significantly associated with the presence of SCH in univariate conditional logistic regression were listed (see Table 3 ). These potential confounders including those reported in previous studies and found in the present study were all adjusted in both the multivariate conditional logistic regression models and the linear models. All of the calculated P values were two sided, and values of P Ͻ .05 were considered to be statistically significant.
Results
Characteristics of the study population
Basic clinical characteristics according to case-control status appear in Table 1 . The median of serum triglyceride was significantly higher among cases than that among controls in both men (1.50 mmol/L vs 1.26 mmol/L, P Ͻ .001) and women (1.44 mmol/L vs 1.30 mmol/L, P Ͻ .001). Compared with controls, cases had elevated serum levels of lipid profiles and hepatic and renal functions in both men and women. In addition, cases had increased BMI and waist circumference and were more likely to suffer from hypertension and metabolic syndrome than controls, although the differences were not statistically significant in men.
High risk for SCH in subjects with hypertriglyceridemia
We first investigated whether there was an association between hypertriglyceridemia and SCH. Using a conditional logistic regression analysis, we showed that the risk for SCH increased approximately 1.5-fold among subjects with hypertriglyceridemia in both men and women (Table  2 ). Then we identified other confounders correlated to presence of SCH in addition to serum triglyceride levels (Table 3) . After adjustment for confounding factors that were demonstrated in previous studies and those found in our own data, hypertriglyceridemia was still associated with a 32.5% increased risk for SCH in men and a 39.7% increased risk in women (Table 2 ). These findings suggested that hypertriglyceridemia was indeed independently associated with an increased risk for SCH.
The progressively increased risk for SCH following higher serum triglyceride levels
To determine the presence of SCH across the spectrum of serum triglyceride levels, we stratified triglyceride into four groups (quartiles) in the entire study population. With serum triglyceride levels elevating, the risk for SCH was gradually increased after adjustment for potential confounding factors (P ϭ .002 for men and P ϭ .007 for women, respectively). Markedly, compared with the group with serum triglyceride levels less than 0.97 mmol/L, the risk for SCH increased approximately 2.0-fold in men and 1.4-fold in women, respectively, when triglyceride levels were greater than 1.99 mmol/L (Figure 1 ). These results demonstrated that the serum triglyceride levels were related to the risk for SCH in a dose-response manner. Because the triglyceride (TG) to HDL-C ratio was reported as a useful marker of insulin resistance and metabolic syndrome as well as high cardiovascular risk (28), we also analyzed the association between the ratio and SCH and observed a positive correlation between the ratio of TG to HDL-C and the risk for SCH (Table 4) .
Positive correlation between serum triglyceride levels and TSH concentrations
We further explored the relationship between serum triglyceride levels and thyroid function parameters, including TSH, FT 4 , and FT 3 . As shown in Table 5 , the log-transformed serum TSH levels showed a significantly positive association with the triglyceride levels, whereas the FT 4 and FT 3 levels were not correlated significantly. These results clearly indicated that serum triglyceride levels were significantly and positively correlated with TSH concentrations. Because SCH is defined by elevated serum TSH and normal FT 4 levels (1), the results in this section were consistent with our above-mentioned findings. 
Discussion
Our epidemiological study provided strong evidence that subjects with hypertriglyceridemia had a higher risk for SCH. Our study indicated that the thyroid might be another target organ affected by lipotoxicity. Furthermore, the widespread deleterious effects of lipotoxicity in the entire body should be fully realized from this novel view. Relatively large samples, strict quality control, and rigorous study design may provide the most reliable information and improve the power of this study. Compared with a hospital-based study, the present large-scale, multicenter, population-based case-control study afforded us the possibility to obtain results that were representative of the general population (29) . Each community was divided into several units to minimize the potential selection bias introduced by the specified recruitment sites. Trained investigators, standard physical measurements, and centralized measurements for all blood samples were used to obtain accurate clinical data. In addition, participants were asked to maintain their regular lifestyle and eating habits during the recruitment phase to avoid a transient elevation in triglycerides (30) . Previous studies have demonstrated that numerous risk factors, including older age, female gender, improper dietary iodide intake, and the presence of metabolic disorders are related to the incidence of SCH (1, 26, 27) . To minimize confounding factors, we selected three communities with similar and stable iodine nutrition status. Controls were matched one to one with cases by age, gender, and region. In addition, the potential confounders including those reported by previous studies and found in the present study were further adjusted in multivariate conditional logistic regression models. Finally, we found that hypertriglyceridemia was associated with an increased risk for SCH.
In agreement with our results, other studies have suggested that serum triglyceride levels might be related to SCH. Lai et al (31) demonstrated that subjects with hypertriglyceridemia presented higher TSH levels than that in subjects with normal triglyceride levels (2.51 mIU/L vs 2.20 mIU/L, P ϭ .003). Kota et al (32) observed a similar phenomenon, namely that subjects with metabolic syndrome had higher triglyceride levels, significantly decreased FT 3 levels, and increased TSH levels relative to controls. Obese subjects with higher serum triglycerides had elevated serum TSH levels than control subjects (2.4 IU/mL vs 1.5 IU/mL). Surprisingly, 1 year after these obese subjects underwent bariatric surgery, serum triglyceride levels fell from 157 mg/dL to 105 mg/dL, with a concomitant decrease in serum TSH from 2.4 IU/mL to 1.8 IU/mL (10). The effects of elevated serum triglycerides on the thyroid function were also evident in mammals fed a high-fat diet. Compared with rabbits fed a standard basic laboratory diet, serum triglyceride levels were elevated by 49%, whereas T 4 concentrations were decreased by 36% and T 3 by 48% in rabbits fed a high-fat diet for 12 weeks (11). Dhingra et al (33) observed similar changes in rats. Based on the epidemiological study, hypertriglyceridemia was indeed positively associated with the risk for SCH, but causal relationships cannot be completely established under case-control study designs. Consequently, we explored the direct effect of lipotoxicity on thyrocyte function. With the stimulation of palmitic acid, which is the most abundant saturated fatty acid found in diets and the bloodstream (34, 35) , we observed the reduced expression and suppressed activity of key molecules in thy- roid hormone synthesis including thyroglobulin, sodium iodide symporter, and thyroperoxidase (data not shown).
Further investigations are essential to determine the possibly involved mechanism, such as endoplasmic reticulum stress, oxidative stress, and inflammation. Certain potential limitations exist in our study. First, causal relationships cannot be completely established under case-control study designs. However, our laboratory study in vitro strongly supported the view that thyroid was another target organ affected by lipotoxicity. In addition, in our own laboratory study in vivo, we found that excess saturated fat intake induced an elevation of serum triglyceride levels, whereas decreased serum FT 4 levels were accompanied by an increase in serum TSH levels. The altered thyroid morphological features indicating hypothyroidism was also induced by a high-fat lard diet (36) . Furthermore, our cohort study is being performed to confirm the potential deleterious effect of hypertriglyceridemia on thyroid function in population. Second, we did not measure serum fatty acid levels, which were related to lipotoxicity here. This was because that we noted serum triglyceride concentration has often been used as an indicator of the severity of lipotoxicity in clinical investigations (37) .
In summary, our results demonstrated that hypertriglyceridemia was associated with an increased risk for SCH. Our study may have implications for the etiology and primary prevention of individuals with SCH. Hypertriglyceridemia is a common feature of obesity and other metabolic diseases and may elicit an impaired thyroid function by ectopic lipid deposit in thyrocytes. Maintaining serum triglyceride levels in appropriate ranges, even by lifestyle interventions, might be an attractive and feasible approach to resist the increasing prevalence of SCH.
